Background
==========

Pancreatic ductal adenocarcinoma (PDAC) is a malignancy that ranks fourth among the causes of cancer-related death in Western countries. It is estimated that PDAC will become the second leading cause of cancer-related death by the year 2030.[@b1-cmar-11-1533],[@b2-cmar-11-1533] Both pancreatic cancer and chronic pancreatitis exhibit the pathological features of pancreatic fibrosis. The main cause of extensive hyperplasia of fibrous connective tissue in the pancreatic interstitium is the secretion of large amounts of extracellular matrix components by activated pancreatic stellate cells (APSCs).[@b3-cmar-11-1533]--[@b6-cmar-11-1533] In recent years, Apte et al[@b3-cmar-11-1533],[@b5-cmar-11-1533],[@b7-cmar-11-1533] have continuously explored and improved primary pancreatic stellate cell (PSC) culture techniques, and their efforts have significantly enhanced the in vitro culture efficiency of primary PSCs and accelerated the study of the mechanisms of action of PSCs in benign and malignant pancreatic diseases. Primary culture technology is essential for PSCs' research. However, current studies are mostly limited to mouse-derived PSCs. Many technical difficulties are encountered in obtaining human PSCs, and the efficiency is relatively low. Therefore, efficient and convenient acquisition of high-purity human PSCs is crucial for conducting further successful research.

Traditional methods of culturing and isolating PSCs include tissue explant culture and enzymatic perfusion with digestion-density gradient centrifugation.[@b3-cmar-11-1533],[@b5-cmar-11-1533],[@b7-cmar-11-1533] The former is easy to perform but cannot be used to establish a pure cell culture. The latter involves density gradient centrifugation, which solves the problem of cell purification. However, that method requires specific perfusion equipment and is difficult to perform. Moreover, the experimental results obtained using that method are greatly affected by the extent of enzymatic digestion. Therefore, the above two methods have their advantages and disadvantages but require further improvements. Based on the methods commonly used to isolate PSCs, the present study modified and improved the procedure for isolating and culturing quiescent normal pancreatic stellate cells (NPSCs). In this study, the classical, enzymatic digestion-based isolation method was subjected to technical improvement and process optimization and was combined with the gentle mechanical dissociation function of the gentleMACS^™^ tissue processor,[@b8-cmar-11-1533],[@b9-cmar-11-1533] which greatly increased the yield and significantly enhanced the viability of NPSCs. The proposed method is more stable and effective than the traditional methods. Application of the modified method significantly enhanced the efficiency of human PSC isolation and provided reliable support for the culture of primary human PSCs.

Materials and methods
=====================

Materials
---------

The tissue specimens used in the present study were obtained from patients with pancreatic diseases who were treated in the Department of Biliary-Pancreatic Surgery, Anhui Provincial Hospital, People's Republic of China. All patients included in the study provided informed consent. The study was approved by the Ethics Committee of the Anhui Provincial Hospital, and this study was conducted in accordance with the Declaration of Helsinki. Normal pancreatic tissues were obtained from surgically treated patients without tumors (such as pancreatic neuroendocrine tumors and duodenal adenomas). A total of 28 patients at Anhui Provincial Hospital between September 2017 and November 2018 were enrolled in this study.

A Tumor Dissociation Kit (human) was purchased from Miltenyi Biotec (Germany). Enzyme H solution was prepared by mixing lyophilized enzyme H powder thoroughly with 3 mL of Roswell Park Memorial Institute (RPMI) 1640 medium or DMEM and was then aliquoted and stored at −20°C. Repeated freeze-thaw cycles were avoided. Enzyme R solution was prepared by mixing lyophilized enzyme R powder thoroughly with 2.7 mL of RPMI 1640 medium or DMEM and then stored at −20°C. Prior to storage, enzyme R solution was aliquoted to avoid repeated freeze-thaw cycles. Enzyme A solution was prepared by mixing lyophilized enzyme A powder with 1 mL of buffer A without vigorous shaking. Enzyme A solution was then aliquoted and stored at −20°C. All enzyme solutions were sterilized by filtration before aliquoting. Percoll solution (density: 1.131 g/mL) was purchased from Beijing Solarbio Science & Technology Co. Ltd. (Beijing, People's Republic of China). RPMI 1640 and DMEM/F12 media were purchased from HyClone Laboratories Inc. (Logan City, UT, USA). FBS was obtained from Biological Industries (Trasff, Israel). Oil red O (AR) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, People's Republic of China). A Trypan Blue Staining Kit was purchased from Beyotime Biotechnology Co., (Shanghai, People's Republic of China). The primary antibodies used in immunofluorescence assays included rabbit monoclonal anti-vimentin antibody (Abcam, Cambridge, UK), rabbit monoclonal anti-alpha-smooth muscle actin (α-SMA) antibody (Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit monoclonal anti-glial fibrillary acidic protein (GFAP) antibody (Abcam) and rabbit monoclonal anti-desmin antibody (Abcam). The secondary antibody used in the immunofluorescence assays, goat anti-rabbit IgG, was purchased from Abcam.

Separation steps
----------------

### Preparation of specimens and single-cell suspension

Surgically resected fresh normal pancreatic tissues were collected using aseptic techniques. The tissue specimens were immersed in serum-containing F12 medium, stored at 4°C on ice and quickly transported to the tissue culture room. The tissue specimens were placed into Petri dishes and rinsed three times with sterile PBS. The adipose tissue, connective tissue and blood vessels were removed from the specimens using ophthalmic scissors and hemostatic forceps, leaving tissue blocks with a diameter of \~1 cm. The tissue blocks were weighed, cut into small pieces \~1--2 mm in size and placed in glass dishes.

### Preparation of enzyme digestion solution

The mixed enzyme solution (containing a sufficient amount of enzyme for digestion of 1--2 g of tissues) was prepared by thoroughly mixing 5 mL of RPMI 1640 medium with 200 µL of enzyme H, 100 µL of enzyme R and 25 µL of enzyme A working solutions.

### Preparation of single-cell suspension

After processing, the tissues were mechanically dissociated using the gentleMACS^™^ tissue processor and digested with the mixed enzymes at 37°C for 40 minutes with constant shaking. Single-cell suspensions were then prepared according to a predetermined procedure. Subsequently, the cells were washed with F12 medium, filtered through SmartStrainers (70 µm) and collected in 50 mL centrifuge tubes. The SmartStrainers (70 µm) were washed with 20 mL of F12 medium. The resulting cell suspensions were centrifuged at 300× *g* for 7 minutes. After removal of the supernatants, the cells were resuspended (final volume, 4 mL) and subjected to density gradient centrifugation.

### Percoll density gradient centrifugation

Two 15-mL centrifuge tubes were filled consecutively with 3 mL of 30% Percoll, 4 mL of 10% Percoll and 2 mL of cell suspension using pipettes. Subsequently, the tubes were centrifuged at 900× *g* for 20 minutes.

### Primary culture

After centrifugation, the cell layer between the 10% and 30% Percoll gradients was carefully collected and transferred to another centrifuge tube ([Figure 1A](#f1-cmar-11-1533){ref-type="fig"}). The cells were then mixed thoroughly with three volumes of 1× PBS and centrifuged at 1,500 rpm for 5 minutes. After removal of the supernatant, the cell pellet was resuspended in culture medium and stained with trypan blue, and cells were counted ([Figure 1B](#f1-cmar-11-1533){ref-type="fig"}). Subsequently, the cells were cultured in F12 medium containing 10% FBS in a humidified 37°C, 5% CO~2~ incubator ([Figure 1C](#f1-cmar-11-1533){ref-type="fig"}). After 12 hours of cultivation, NPSCs gradually attached to the wall ([Figure 1D](#f1-cmar-11-1533){ref-type="fig"}). Because the NPSCs did not attach to the wall firmly, the culture medium was aspirated with caution and replaced with fresh medium once. After-ward, culture medium was changed every 24 hours. All steps described above were completed under aseptic conditions.

Oil red O staining
------------------

Two milliliters of PBS (prewarmed at 37°C) was added into six-well plates inoculated with primary PSCs using a Papillon dropper. The plates were then gently shaken in a crosswise manner. After the adherent cells were gently rinsed twice with PBS, residual buffer was completely removed using filter paper. The cells were then fixed at room temperature (RT) in 1 mL of formaldehyde solution (100 g/L) for 15 minutes. After removal of the formaldehyde solution, the fixed cells were rinsed twice with PBS. Subsequently, 3 mL of freshly prepared oil red O working solution was added slowly along the wall of the wells. The plate was covered with a lid and sealed with Parafilm. The cells were then dynamically examined under an inverted biological microscope, which showed gradual deepening of the color of the fat droplets. Once the fat droplets appeared as strings of bright red beads of varying sizes, the staining reaction was terminated by completely aspirating the oil red O solution. Subsequently, the cells were carefully rinsed two to three times with PBS and incubated with the nuclear counterstain hematoxylin for 30 seconds. The cells were washed again with PBS and subjected to differentiation/decolorization. The cells were then imaged under a microscope.

Immunofluorescence assay
------------------------

Activated PSCs were seeded into six-well plates containing coverslips and cultured for 48 hours under standard conditions (37°C and 5% CO~2~). The coverslips were removed from the plates and washed twice with PBS. The cells grown on the coverslips were fixed with 4% paraformaldehyde for 15 minutes, washed with PBS and incubated with blocking buffer for 60 minutes. The blocking solution was then discarded. The cells were incubated with the corresponding primary antibodies (rabbit anti-vimentin antibody, 1:100 dilution; rabbit anti-α-SMA antibody, 1:100 dilution; rabbit anti-GFAP antibody, 1:100 dilution; and rabbit anti-desmin antibody, 1:100 dilution) at 4°C overnight. After washing with PBS, the cells were incubated with fluorescent dye-conjugated secondary antibodies for 1--2 hours at RT in the dark. The cells were washed again with PBS and then incubated with the nuclear counterstain DAPI. After the cells were labeled, the coverslips were mounted onto microscope slides. Finally, the cells were examined and imaged using a fluorescence microscope, and the purity of the PCSs was analyzed. $$\begin{matrix}
{\text{Cell~purity}\left( \% \right) = \text{the~number~of~positive~cells/total~number~}} \\
{\text{of~DAPI-stained~cells} \times 100\%} \\
\end{matrix}$$

Western blot
------------

Total proteins were extracted from the 3-day NPSC and 10-day APSC cultures, and the protein concentration was measured using a BCA assay kit (Sigma-Aldrich Co., St Louis, MO, USA) according to the manufacturer's instructions. Thirty micrograms of total protein was separated by SDS/PAGE and transferred electrophoretically to polyvinylidene fluoride membranes (Thermo Fisher Scientific, Waltham, MA, USA). The membranes were incubated with specific primary antibodies diluted with TBS (0.1% Tween 20) (α-SMA: 1:500 dilution, vimentin: 1:500 dilution, GFAP: 1:500 dilution, desmin: 1:500 dilution, β-actin: 1:1,000 dilution). A Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) was used for 3,3′-diamino benzidine chromogenic detection (Sigma-Aldrich Co.) according to the manufacturer's instructions.

Ethics statement
================

Ethical approval was obtained from the ethics committee of the Anhui Provincial Hospital Affiliated to Anhui Medical University, and written informed consent was obtained from the patients whose tissue and medical data were used in this study.

Results
=======

Isolation and autofluorescence-based identification of NPSCs
------------------------------------------------------------

Approximately (2.75±0.65)×10^6^ NPSCs were obtained from 1 g of normal pancreatic tissue. Trypan blue staining showed that the mean cell viability waŝ90%. The obtained cells attached to the wall at 8--24 hours after seeding. Moreover, the cells displayed typical characteristics of quiescent cells, including small volume, slow proliferation, round or polygonal shape and richness in lipid droplets ([Figure 2A](#f2-cmar-11-1533){ref-type="fig"}). Fluorescence microscopy revealed transient spontaneous blue--green fluorescence in NPSCs at an excitation wavelength of 328 nm ([Figure 2B](#f2-cmar-11-1533){ref-type="fig"}). The cells were gradually activated after several passages and exhibited the phenotypic characteristics of activation-state cells, such as pseudopod extension, disappearance of intracellular lipid droplets and an increase in cell volume.

Identification of NPSCs by oil red O staining
---------------------------------------------

In NPSCs, the fat droplets were stained bright red by oil red O ([Figure 2C, D](#f2-cmar-11-1533){ref-type="fig"}). The bead-like "oil droplets" of varying sizes were distributed throughout the cytoplasm. These droplets connected onto ring-like structures around the nucleus.

Immunofluorescence-based phenotypic analysis
--------------------------------------------

NPSCs were activated after 1 week of culture ([Figure 3A](#f3-cmar-11-1533){ref-type="fig"}). Immunofluorescence staining demonstrated that NPSCs expressed the activation state-specific markers vimentin, α-SMA, GFAP and Desmin ([Figure 3B~1~--B~3~, C~1~--C~3~, D~1~--D~3~, E~1~--E~3~](#f3-cmar-11-1533){ref-type="fig"}).

Western blot measurement expression of α-SMA, vimentin, GFAP and Desmin in NPSCs and APSCs
------------------------------------------------------------------------------------------

As shown in [Figure 4](#f4-cmar-11-1533){ref-type="fig"}, the expression of vimentin, α-SMA, GFAP and Desmin were significantly increased in APSCs cultured for 10 days compared to freshly isolated NPSCs for 3 cultured days.

Discussion
==========

The role of hepatic stellate cells (HSCs) in the liver fibrosis process has been widely recognized.[@b10-cmar-11-1533],[@b11-cmar-11-1533] Currently, the HSC mechanisms of action are being studied in depth at the molecular level. Activated PSCs are similar to HSCs and may play an initiating role in the process of pancreatic fibrosis. Therefore, PSCs may serve as a main target in pancreatic fibrosis.[@b3-cmar-11-1533],[@b5-cmar-11-1533],[@b12-cmar-11-1533],[@b13-cmar-11-1533] The key role of PSCs in pancreatic fibrosis has been constantly demonstrated and confirmed in recent years.[@b6-cmar-11-1533],[@b12-cmar-11-1533]--[@b15-cmar-11-1533] Effective isolation and culture of PSCs allows in vitro and in vivo studies of PSCs and provides a technical guarantee for further exploration of the pathogenic role of PSCs in chronic pancreatitis and pancreatic cancer-associated fibrosis. At present, immortalized PSCs have been established by only a few laboratories.[@b16-cmar-11-1533],[@b17-cmar-11-1533] PSCs are nontumoros cells. Currently, it remains controversial[@b18-cmar-11-1533] whether immortalized PSCs will fully differentiate into fibroblasts as the passage number increases. Therefore, primary cell culture is still the most important means of obtaining PSCs.

The purification and yield of PSCs are the main challenges encountered during primary PSC isolation and culture. At present, only a few laboratories have established immortalized PSC lines. Moreover, significant heterogeneity exists between the PSCs isolated from different patients. Therefore, studies of PSCs are conducted mainly on the basis of primary PSC isolation and cultivation. In the present study, innovations and improvements were made based on the existing research. Specifically, the Tumor Dissociation Kit was used, digestive enzyme solution of an appropriate concentration was prepared, and normal pancreatic tissues were subjected to gentle and standardized mechanical disruption using the gentleMACS^™^ Tissue Dissociator. As a result, massive cell lysis caused by excessive mechanical disruption was avoided, and a single-cell suspension was obtained quickly and efficiently. Because of the digestive activity of pancreatic enzymes in excised normal pancreatic tissue specimens, the specimens were kept in culture medium containing 20% FBS to neutralize the enzymes. In addition, the appropriate concentration of the digestive enzyme solution was determined in a preliminary experiment, which allowed replacement of the traditional enzyme perfusion method with the gentleMACS-based mechanical disruption method. Because normal human pancreatic tissue specimens often account for a small portion of the surgical margin and have been removed from living body, it is difficult to identify the pancreatic ducts and corresponding large blood vessels for digestive enzyme perfusion. Therefore, the improved human NPSC isolation method is simpler and easier to perform. After the single-cell suspension was obtained, density gradient centrifugation was performed. At present, the commonly used density gradient media include Nycodenz, Percoll, Ficoll and Dextran, among which Ficoll[@b19-cmar-11-1533] and Dextran[@b20-cmar-11-1533] gradients are often used to isolate islet cells. Percoll medium was used in this study. Compared to Nycodenz,[@b3-cmar-11-1533],[@b7-cmar-11-1533] Percoll medium possesses several advantages such as low cytotoxicity and simple creation of a density gradient. Attached cells can be readily eluted if Percoll medium is used. Moreover, Percoll medium is rather inexpensive. Water-based Percoll stock solutions are commercially available and are convenient to use. After the above improvements were made, the yield of PSCs and success rate of PSC isolation were enhanced significantly.

Conclusion
==========

The existing PSC culture methods have their limitations.[@b3-cmar-11-1533],[@b5-cmar-11-1533],[@b7-cmar-11-1533] In contrast, the enzyme digestion-gentleMACS^™^ Dissociator-density gradient centrifugation method developed in the present study displays a number of advantages over the traditional enzyme perfusion-density gradient centrifugation method. The method developed in the present study is easy to implement, exhibits good repeatability and allows high-purity isolation of PSCs. Therefore, the method is worth popularizing.
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![Isolation and culture of NPSCs.\
**Note:** (**A**) Percoll density gradient centrifugation layering; (**B**) cell count after isolation (200×); (**C**) the cell morphology of freshly isolated NPSCs (200×); (**D**) cell morphology of NPSCs gradually adhering after 12 hours of culture (200×).\
**Abbreviation:** NPSC, normal pancreatic stellate cell.](cmar-11-1533Fig1){#f1-cmar-11-1533}

![Identification of NPSCs by blue--green autofluorescence at 328 nm and oil red O staining.\
**Notes:** (**A**) NPSC autofluorescence bright field control (200×); (**B**) NPSC blue--green autofluorescence at 328 nm (200×); (**C**) NPSC oil red O staining bright field control (200×); (**D**) positive oil red staining of NPSCs (200×).\
**Abbreviation:** NPSC, normal pancreatic stellate cell.](cmar-11-1533Fig2){#f2-cmar-11-1533}

![Expression of cellular markers in primary isolated APSCs.\
**Notes:** (**A**) After about 1 week of culture, NPSCs gradually activate. APSCs exhibit typical activation characteristics, with large cell volume, no lipid droplets in the cells, and a multi-angled shape. (**B~1~**--**B~3~**) APSCs' positive expression marker protein vimentin. Blue is the nuclear marker DAPI; red is the vimentin-positive expression localization (200×); (**C~1~**--**C~3~**) APSCs' positive expression marker protein α-SMA. Blue is the nuclear marker DAPI; red is the α-SMA-positive expression localization (200×); (**D~1~**--**D~3~**) APSCs' positive expression marker protein GFAP. Blue is the nuclear marker DAPI; green is the GFAP-positive expression localization (200×); (**E~1~**--**E~3~**) APSCs' positive expression marker protein desmin. Blue is the nuclear marker DAPI; green is the desmin-positive expression localization (200×).\
**Abbreviations:** APSC, activated pancreatic stellate cell; GFAP, glial fibrillary acidic protein; NPSC, normal pancreatic stellate cell; α-SMA, alpha-smooth muscle actin.](cmar-11-1533Fig3){#f3-cmar-11-1533}

![PSC activation-related indicator expression by Western blot detection.\
**Abbreviations:** APSC, activated pancreatic stellate cell; NPSC; normal pancreatic stellate cell; PSC, pancreatic stellate cell; 3 d, freshly isolated NPSCs cultured for 3 days; 10 d, APSCs cultured for 10 days.](cmar-11-1533Fig4){#f4-cmar-11-1533}

[^1]: These authors contributed equally to this work
